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lism (Ogawa et al., 1992). The overcompensatory CBF
increase (Buxton and Frank, 1997; Fox and Raichle,
1986) reduces paramagnetic deoxyhemoglobin and pro-
duces the conventional positive BOLD fMRI signal. A
linear correspondence between neuronal activity and
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David Geffen School of Medicine hemodynamic changes is required for interpreting per-
fusion-based functional imaging results as indicative ofat the University of California, Los Angeles
Los Angeles, California 90024 actual brain activity. Recent studies have arrived at dif-
fering conclusions regarding the linearity (Logothetis
et al., 2001) or nonlinearity (Devor et al., 2003) of coup-
ling between neuronal activity and hemodynamic re-Summary
sponses.
Several studies have also reported a transient deoxy-We investigated the relationship between neuronal
activity, oxygen metabolism, and hemodynamic re- genation (“initial dip”) preceding the CBF response, pu-
tatively due to increased deoxyhemoglobin producedsponses in rat somatosensory cortex with simultane-
ous optical intrinsic signal imaging and spectroscopy, by oxidative metabolism (Duong et al., 2000; Jones et
al., 2001; Malonek et al., 1997; Malonek and Grinvald,laser Doppler flowmetry, and local field potential re-
cordings. Changes in cerebral oxygen consumption 1996; Menon et al., 1995; Vanzetta and Grinvald, 1999;
Yacoub and Hu, 1999, 2001; Yacoub et al., 1999). Al-increased linearly with synaptic activity but with a
threshold effect consistent with the existence of a tis- though the initial dip is thought to represent oxygen
consumption, it is actually a hemodynamic rather thansue oxygen buffer. Modeling analysis demonstrated
that the coupling between neuronal activity and hemo- metabolic parameter, since it measures intravascular
hemoglobin oxygenation rather than neuronal metabo-dynamic response magnitude may appear linear over
a narrow range but incorporates nonlinear effects that lism per se. The relationship between the initial dip and
synaptic or metabolic activity is further clouded by theare better described by a threshold or power law rela-
tionship. These results indicate that caution is required fact that some studies do not observe it consistently
(Lindauer et al., 2001, 2003; Marota et al., 1999; Silva etin the interpretation of perfusion-based indicators of
brain activity, such as functional magnetic resonance al., 2000). Assuming synonymy between the dip and
oxygen metabolism is thus problematic, and investigat-imaging (fMRI), and may help to refine quantitative
models of neurovascular coupling. ing differences in behavior between the two was an
important goal of this study.
We employed a combination of electrophysiologicalIntroduction
and hemodynamic imaging techniques to simultane-
ously assess neuronal activity, and microvascular oxy-Because the brain maintains a small energy reserve, its
vascular supply must continuously provide metabolic genation, volume, and flow during functional stimula-
tion. This study uses a multimodality approach aimedsubstrates. Thus, hemodynamic responses are thought
to be intimately related to cerebral energy metabolism. at providing a quantitative understanding of the relation-
ship between synaptic activity, oxygen metabolism, andThe greatest proportion of the energy budget in primates
consists of restoring membrane voltage following post- hemodynamic responses.
synaptic potentials (Attwell and Iadecola, 2002). This
synaptic activity is translated into a local increase in
cerebral blood flow (CBF) through a variety of putative Results
neuronal and astrocytic mechanisms (Parri and Crunelli,
2003; Villringer and Dirnagl, 1995). A linear relationship We measured neuronal activity and the resulting hemo-
between CBF changes and local field potentials (FP), dynamic responses using concurrent local field poten-
which measure integrated synaptic activity, has been tial (FP) recordings, optical intrinsic signal imaging and
found in rat cerebellar (Mathiesen et al., 1998) and cere- spectroscopy, and laser Doppler flowmetry (LDF) (Fig-
bral cortex (Ngai et al., 1999). The CBF response pro- ure 1). The hemodynamic response consists of a cas-
duces an increase in cerebral blood volume (CBV) and cade of changes in CBF, CBV, and oxygenation. Optical
changes in capillary and venous oxygenation. These imaging at 570 nm (an isosbestic, or equal absorption
hemodynamic responses form the basis for functional point of oxy- and deoxyhemoglobin) provides a measure
imaging techniques such as positron emission tomogra- of changes in total hemoglobin (Hbt; proportional to CBV
phy (PET), functional magnetic resonance imaging if hematocrit remains constant). Between 605 and 630
(fMRI), and optical intrinsic signal (OIS) imaging. nm, deoxyhemoglobin (Hbr) absorbs at least three times
Blood oxygenation level-dependent (BOLD) fMRI is more strongly than oxyhemoglobin (HbO2); thus, 610 nm
based on oxygenation changes that occur due to the imaging reflects oxygenation changes. Optical spec-
mismatch between CBF and neuronal oxidative metabo- troscopy provides specific measures of changes in Hbr,
HbO2, and Hbt, and LDF provides the final parameter of
local flow changes.*Correspondence: toga@loni.ucla.edu
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Figure 1. Experimental Setup
White light from a voltage-regulated illuminator (A) was guided
through fiber optic cables to the preparation. The reflected light
was gathered by the microscope, and half directed through the filter
wheel (B) and captured by the CCD camera (C) for optical imaging.
The other half of the light exited one eyepiece (D) and was conducted
to the spectrophotometer (not shown) for optical spectroscopy.
Concurrent electrophysiology was performed using a microelec-
trode mounted on the stereotax (E). A laser Doppler flowmeter (F)
provided simultaneous information of local blood flow changes.
Temporal Characteristics
We modulated neuronal activity by varying the fre-
quency and amplitude of electrical hindpaw stimulation.
Hemodynamic response time courses are shown in Fig-
ures 2 and 3. Peak response size generally increased
with decreasing stimulation frequency and increasing
amplitude. Time to peak also increased with decreasing
stimulation frequency but remained approximately con-
stant across stimulation amplitude variations. Similar
frequency tuning exists in the whisker barrel cortex
Figure 2. Hemodynamic and Neuronal Responses to Varying Stimu-(Sheth et al., 2003) and may be physiologically relevant lation Frequency
for environmental exploration (Carvell and Simons,
Panels (A)–(F) depict optical imaging (A and B) and spectroscopy
1990). The 570 nm response latency (2 SD above base- (C–F) responses to stimulation of varying frequency (2, 5, 10, 15, 20
line) was 1.0 s after stimulation onset, and peak was Hz, at 0.8 mA) averaged across all subjects. Optical imaging at
at 2.0–2.75 s. The 610 nm signal began at 0.5–0.75 s, 570 nm and 610 nm emphasizes changes in CBV and oxygenation,
respectively (also see Results). Response size generally increasedachieved its early negative peak at 1.25 s, and late posi-
with decreasing stimulation frequency. The dashed region in (C)tive peak at 3.75–4.25 s. The large decrease in Hbr,
depicts the early increase in Hbr (initial dip) and is expanded in (E).related to the conventional positive BOLD signal,
Statistical analysis, however, indicated that the size of the dip did
peaked at 3.25–3.75 s. The profiles of HbO2 and Hbt not reliably attain statistical significance compared to baseline fluc-
were monophasic, starting at 1.25 and 1.0 s and peaking tuations. (G) and (H) show electrophysiological responses. At fre-
at 3.0–3.75 and 2.0–2.75 s, respectively. quencies higher than 2 Hz, FP were inhibited, as evidenced by the
stimulation artifacts (arrowheads) without subsequent responses inWe observed a small increase in Hbr (initial dip) imme-
the 5–20 Hz traces. Summed-FP (FP) decreased at frequenciesdiately following stimulation onset, peaking at 0.75–1.0 s
above 5 Hz. The color legend in (A) applies to all panels, and the(Figures 2E and 3E). The magnitude of this component,
horizontal bar denotes stimulus duration. The scale bar in (G) mea-
however, was quite small. To test whether the increase sures 1.0 mV (vertical) and 500 ms (horizontal).
was statistically significant, we compared its magnitude
to the size of baseline fluctuations. Of the 11 stimulation
conditions (five frequencies, six amplitudes), only two excitatory postsynaptic potentials (Mitzdorf, 1985) within
a few hundred microns of the electrode tip (Heeger and(2 Hz, 10 Hz) achieved statistical significance (p 0.05).
Thus, under our experimental conditions, we did not Ress, 2002). Because layer IV receives the majority of
excitatory thalamocortical input, it represents a large cur-reliably observe the initial dip.
rent sink. Glutamatergic transmission leads to an influx
of positive ions into the postsynaptic dendrites, produc-Hemodynamic-Neuronal Coupling
Simultaneously measured evoked local FP are shown ing a negative extracellular potential. FP therefore con-
sisted primarily of a large negative deflection, and thein Figures 2G and 3G. FP reflect the superposition of
Neuro-Vascular-Metabolic Coupling
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Figure 4. Coupling between Hemodynamic Responses and Neu-
ronal Activity
Normalized hemodynamic response magnitudes are plotted against
normalizedFP for frequency- and amplitude-varying results across
Figure 3. Hemodynamic and Neuronal Responses to Varying Stimu- all subjects. Except for early oxygenation changes (A), hemody-
lation Amplitude namic response size increased monotonically with increasing neu-
ronal activity. To quantitatively investigate the coupling relationshipPanels (A)–(F) depict optical imaging (A and B) and spectroscopy
between the two, we estimated the ability of three neurovascular(C–F) responses to stimulation of varying amplitude (0.4, 0.5, 0.6,
coupling models to fit the data (Table 1). The axis values in (E)0.8, 1.0, 1.2 mA, at 5 Hz) averaged across all subjects. Responses
apply to all panels. Red circle, frequency variable; blue square,increased with increasing stimulation amplitude, reaching a plateau
amplitude variable.near 1.0 mA. FP (G) and FP (H) also increased with increasing
stimulation amplitude. Inhibitory influences similar to those seen in
the 5 Hz trace in Figure 2G are evident in all six traces in (G). The
color legend in (A) applies to all panels, and the horizontal bar
fied by summing the individual FP (FP).FP decreaseddenotes stimulus duration. The scale bar in (G) measures 1.0 mV
with increasing stimulation frequency above 5 Hz and(vertical) and 500 ms (horizontal).
increased with increasing stimulation amplitude, reach-
ing a plateau around 1.0 mA.
To quantitatively determine the relationship betweenmagnitude of this deflection was considered a measure
of synaptic activity. neuronal activity and hemodynamic responses, we plot-
ted normalized response magnitudes against normal-For all stimulation frequencies above 2 Hz, we noticed
a significant attenuation of the second and subsequent ized FP (Figure 4). Because the initial dip did not reli-
ably attain statistical significance in our data, we didFP within the 2 s train, most likely a result of inhibitory
interactions (Simons, 1985). The size of the first FP was not include it in this analysis. We compared the ability
of three models to describe the data, one linear and twosimilar across all stimulation paradigms, ruling out
systematic response deterioration. This frequency re- nonlinear. The linear model was constrained to pass
through the origin, since hemodynamic parameters weresponse profile differed from the one we observed pre-
viously using enflurane anesthesia (Sheth et al., 2003), measured in terms of fractional change from baseline
(“Linear,” y  A1x). The data in Figures 4B–4F evidencesuggesting different effects between inhaled anesthe-
tics and -chloralose (Ueki et al., 1992). Integrated syn- a distinct upward curve, similar to that seen by Devor
et al. (2003). We therefore tested a nonlinear power lawaptic activity produced by a stimulus train was quanti-
Neuron
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Table 1. Neurovascular Coupling Models
610 nma 610 nmb Hbr HbO2 570 nm Hbt
Linear
A1 1.27 0.91 0.95 0.96 1.00 1.01
2 6.37d 0.97 1.63 2.23 0.79 1.21
Power law
A2 5.95 0.51 0.54 0.44 0.57 0.77
B2 0.02 1.37 1.35 1.48 1.36 1.17
CIc [0.68, 0.65] [0.70, 2.04] [0.93, 1.78] [1.06, 1.91] [0.71, 2.01] [0.74, 1.59]
2 2.24e 0.60 0.98 1.10 0.43 1.04
Threshold
A3 0.02 1.29 1.30 1.42 1.39 1.22
B3 6.01 1.76 1.65 2.15 1.79 0.97
2 2.19f 0.68 1.09 1.27 0.49 1.08
Neurovascular coupling models were applied to electrophysiological and hemodynamic data. We tested one linear model (“Linear,” y  A1x)
and two nonlinear models (“Power law,” y  A2xB2; “Threshold,” y  A3x  B3). Best-fit model parameters and 2 statistics are shown above.
Corresponding p values were 0.999 unless otherwise noted.
a 610 nm early negative response.
b 610 nm late positive response.
c 95% confidence interval of parameter B2.
d p  0.848.
e p  0.997.
f p  0.998.
model as well (“Power law,” y  A2xB2) to compare to late a value of φ  0.22 (Figure 5B). The original value
φ  0.38 was determined in PET studies using a pro-their results and to the linear model. Finally, we tested
for the presence of a nonlinear threshold effect, such longed hypercapnia challenge in primates. Recent stud-
ies using brief (1–6 s) neuronal stimulation have arrivedas that observed by Nielsen and Lauritzen (2001), with
a model not constrained to pass through the origin at values between 0.18 (Mandeville et al., 1999b) and
0.29 (Jones et al., 2001).(“Threshold,” y A3x B3). A positive x-intercept would
indicate that production of hemodynamic responses re- Measured Hbr, CBF, and CBV responses were used
to calculate the rate of cerebral oxygen metabolismquires achieving a certain threshold of neuronal activity.
Goodness of fit was estimated with a 2 test. In addition, (CMRO2) by Equation (3). Figure 6 shows the calculated
CMRO2 time course for the five stimulation frequencies.we calculated 95% confidence intervals for the power
law parameter B2. If this interval includes unity, the Evidence for increased oxidative metabolism following
stimulation onset is apparent in all stimulus conditions.power law model is not significantly different from a
linear model. These three models were applied to all the Oxygen consumption rose quickly and peaked at 1.25–
2.0 s, increasing with decreasing stimulation frequency.hemodynamic parameters shown in Figure 4.
The results from these model fits are shown in Table It then returned to baseline within 2.5–4.0 s of stimulation
onset, with a significant poststimulation undershoot.1. Except for early oxygenation changes (610 nm early
phase), all three models fit the data acceptably (p  To investigate whether changes in oxygen metabo-
lism were related to the degree of evoked neuronal activ-0.999), although the two nonlinear models consistently
provided better predicted values (lower 2 statistics) ity, we plotted normalized maximum CMRO2 changes
against FP for all four subjects and five stimulationthan the linear model. For all responses except HbO2,
the 95% confidence interval of the power law parameter conditions (Figure 6B). The data were well described by
a linear regression not constrained to pass through the(B2) included unity, indicating that the power law model
was not significantly different than the linear model. origin. The extrapolated regression line crossed the x-axis
at 0.35, exhibiting a threshold effect. Beyond the threshold,On the other hand, the power law model consistently
provided slightly better fit statistics than the linear or there was a linear relationship between electrical activity
and oxygen metabolism. Other models, such as a powerthreshold models, although the difference was small,
especially between the power law and threshold models. law, did not fit the data as well as the linear regression
with nonzero intercept.
The relationship between CBF and CMRO2 is shownCBF, CBV, and CMRO2
in Figure 7. Increases in neuronal oxygen consumptionFlow responses to five stimulation frequencies are
produced linear increases in flow. Functional flow changesshown in Figure 5A. The temporal profiles were similar
were 1.74 times larger than changes in oxygen con-to those of volume responses. Time to peak varied from
sumption.2–3 s, increasing with decreasing stimulation frequency.
The relationship between changes in flow and volume,
CBV  CBFφ, is important for calculating CMRO2 (Davis Discussion
et al., 1998; Mandeville et al., 1999a) and modeling the
BOLD fMRI signal in terms of physiological parameters The convergence of electrophysiological and hemody-
namic information in this study allowed us to investigate(Ogawa et al., 1998). A log-log plot of simultaneously
measured flow and volume changes allowed us to calcu- the relationship between neuronal activity, oxidative me-
Neuro-Vascular-Metabolic Coupling
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Figure 6. Neuronal Oxygen Consumption
Simultaneous Hbr, Hbt, and CBF measurements were used to calcu-
late neuronal oxygen consumption (CMRO2) over the five stimulation
frequencies. (A) CMRO2 increases following stimulus onset at all
levels of stimulation. Time-to-peak was 1.25–2.0 s, increasing with
decreasing stimulation frequency. A small undershoot after the re-
Figure 5. Relationship between Changes in CBF and CBV turn to baseline is evident in the time course. Gray bar denotes
stimulus duration. (B) Correlation between normalized CMRO2 and(A) CBF response magnitude increased with decreasing stimulation
concurrently measured FP. The extrapolated regression linefrequency. Gray bar denotes stimulus duration. (B) Functional
crosses the x-axis at 0.35, indicating a linear relationship betweenchanges in local cerebral blood flow and volume are thought to
synaptic activity and neuronal oxygen metabolism beyond thisfollow a power law relationship, CBV  CBFφ. We plotted the loga-
threshold.rithm (see Experimental Procedures, Equation [2]) of relative
changes in simultaneously measured CBV and CBF at every time
point across five stimulation frequencies. The data were well fit
sessment of functional hemodynamic activity and allowedby a linear regression passing through the origin with a slope of
quantification of oxygen metabolism. We observed anφ  0.22.
increase in CMRO2 across all stimulation frequencies,
providing evidence for an increase in neuronal oxygentabolism, and resultant hemodynamic processes. We
consumption caused by functional activation. Despitefound that (1) oxidative metabolism is linearly related to
this finding, however, we did not consistently detect ansynaptic activity beyond a certain threshold and that (2)
initial dip. Although studies often equate the dip withthe relationship between neuronal activity and func-
oxygen metabolism, these results emphasize the dis-tional hemodynamic responses may appear linear over
tinction between the two. Because the dip is a hemody-a limited range but has important nonlinear properties.
namic parameter, it is affected by vascular phenomenaThese findings have important implications for the phys-
such as baseline arterial oxygen tension, capillary transitiology of neural metabolism as well as the design and
time, and flow dynamics (Buxton, 2001; Lindauer et al.,interpretation of perfusion-based imaging modalities
2003; Mayhew et al., 2000). These factors may be influ-such as fMRI.
enced by anesthesia, baseline physiological and ventila-
tory state, vascular architecture, and other effects, ex-Cerebral Oxygen Metabolism
plaining the potentially complex relationship betweenSimultaneous measurement of flow, volume, and oxy-
genation in this study permitted a comprehensive as- the dip and electrical or metabolic activity.
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ume for not only steady-state but also transient condi-
tions, but the exponential constant for the latter may be
slightly lower.
Neuronal-Hemodynamic Coupling
A thorough understanding of the coupling between neu-
ronal activity and hemodynamic responses is essential
for the interpretation of perfusion-based imaging tech-
niques. PET and fMRI studies commonly presuppose a
monotonically increasing neural-hemodynamic relation-
ship when interpreting an increase in signal area or mag-
nitude as indicative of an increase in brain activity. Stud-
ies utilizing differential imaging or cognitive subtraction
require the even more stringent assumption of a linear
relationship for the validity of their conclusions.
Our results show that a linear neurovascular coupling
model constrained to pass through the origin provided
Figure 7. CBF-CMRO2 Coupling reasonable fits to the data across all monophasic or late
Fractional change in CBF is plotted against fractional change in phase biphasic hemodynamic parameters. Consistently,
CMRO2 over the range of stimulation frequencies. The data were the power law exponent confidence interval included unity
well described by a linear regression, demonstrating that changes for all those parameters except HbO2. These results are
in neuronal oxygen metabolism elicit a functional CBF change 1.7 in agreement with previous studies reporting a linear
times larger.
neurovascular relationship (Logothetis et al., 2001; Ma-
thiesen et al., 1998; Sheth et al., 2003). Although the
linear model performed satisfactorily, it did not accountThe relative contribution of glycolysis versus oxidative
metabolism to cerebral energy production during func- for the data distribution as well as the nonlinear models.
This study was well suited to detect subtly emergingtional activation is a topic of continued investigation
(Buxton and Frank, 1997; Fox et al., 1988; Gjedde et al., nonlinearities because the use of variable frequency
and amplitude electrical stimulation paradigms allowed2002). A major portion of cerebral energy utilization is
devoted to the restoration of transmembrane potentials measurement over a more extensive parameter space
than before. Observations made over a narrower rangefollowing postsynaptic currents (Attwell and Laughlin,
2001). Thus, local FP, a measure of integrated synaptic may lead to the approximate but incomplete conclusion
of a linear relationship. Thus, the assumption of linearactivity, may serve as an approximate indicator of energy
consumption. We found a linear relationship between oxy- coupling between neuronal activity and BOLD fMRI sig-
nals may be adequate over a limited range but not nec-gen consumption and synaptic activity beyond a thresh-
old value, with relative changes in oxygen consumption essarily in general.
The neurovascular coupling relationship was consis-increasing approximately twice as much as changes in
synaptic activity. This correspondence indicates close tently better described by the nonlinear power law or
threshold models. A power law relationship implies thatcoupling between neuronal energy demand and oxida-
tive metabolism. The presence of the threshold, how- neuronal activity begins to saturate while hemodynamic
responses continue increasing. This situation was alsoever, suggests that low-grade activity may not require
increased oxygen extraction from the vasculature. This observed by Devor et al. (2003). There was a slight over-
lap in the power law exponent confidence interval rangescenario indicates either reliance on nonoxidative mech-
anisms (i.e., glycolysis alone) or withdrawal from a mito- between their values (HbO2 [1.3, 4.9]; Hbt [1.7, 4.8]) and
ours (HbO2 [1.06, 1.91]; Hbt [0.74, 1.59]), but ours werechondrial oxygen “buffer” (Buxton, 2001; Mayhew et al.,
2001) that can subsequently be replenished by a modest generally lower and closer to unity, indicating a smaller
nonlinear effect. This difference may be attributable toflow increase. The poststimulus undershoot in the
CMRO2 time course, also visible in the data of Jones variations in the baseline physiological state due to an-
esthesia and ventilation, which are known to have aet al. (2001) (their Figure 3C), may represent oxygen
redistribution between such a tissue buffer and the vas- profound effect upon electrical and vascular activity. A
further source of discrepancy may arise from differencesculature. Alternatively, it may simply reflect vasomotion
(Mayhew et al., 1996). between processing stimuli of varying amplitude, fre-
quency, number, or other characteristics. We are cur-The CMRO2 increase was accompanied by a propor-
tionate increase in CBF with a ratio of approximately rently investigating nonlinearities in the neuronal-hemo-
dynamic relationship arising from variations in stimulus1:2, similar to previous results (Hoge et al., 1999; Jones
et al., 2001). According to the oxygen limitation model presentation. Alternatively to the power law coupling
relationship, a threshold model suggests that a certain(Buxton and Frank, 1997), the greater CBF increase is
required to support oxygen delivery in the face of a threshold of coordinated synaptic activity must be
reached to trigger a hemodynamic response, as ob-decreased oxygen extraction fraction. Increased local
flow produces passive (Mandeville et al., 1999b) changes served previously by Nielsen and Lauritzen (2001). This
relationship implies that small changes in neuronal activ-in volume and oxygenation in the capillary bed and down-
stream veins. A power law appropriately describes the ity may be undetectable by perfusion-based imaging
techniques. Determining the relative significance ofrelationship between functional changes in flow and vol-
Neuro-Vascular-Metabolic Coupling
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cal and electrophysiological data and control filter wheel positionthese nonlinear effects on neurovascular coupling will
and stimulation parameters.require additional study.
Response time courses were calculated on ratio images, whichThe rapidly increasing role of perfusion-based func-
were generated by subtracting and dividing a prestimulus baseline
tional imaging techniques in the neurosciences requires image from each image in a trial, pixel by pixel. The resulting ratio
that our understanding of their relationship to underlying images represent fractional change from baseline and were aver-
aged across trials. The response time course was calculated withinneuronal activity keep pace. This study combined elec-
a 1.0 mm diameter region of interest (ROI) in the trial-averaged data.trophysiological and hemodynamic imaging approaches
ROI position was determined by an automated program (Matlab,to elucidate the nature of coupling between synaptic activ-
The Mathworks, Natick, MA) that scanned the ROI across the 570ity, oxygen metabolism, and hemodynamic responses.
nm image at t 1.0 s and chose the position resulting in the greatest
Synaptic activity must reach a threshold before oxygen signal change (Sheth et al., 2004). This ROI was applied to the
consumption begins to increase proportionately. Oxy- averaged data of both wavelengths.
gen metabolism is linearly coupled to an increase in
Electrophysiologylocal flow, which in turn produces a geometric increase
During every optical imaging and spectroscopy trial, we simultane-in volume. Nonlinearities accumulated during this cas-
ously recorded local field potentials (FP). The response location wascade of events produce an overall nonlinear relationship
identified by 570 nm optical imaging, and a burr hole drilled in the
between synaptic activity and hemodynamic responses. thinned skull near the activation center. The dura was nicked with a
27.5 gauge needle to prevent tenting, and a tungsten microelectrode
(125 	m shaft diameter, 12 degree tip, A-M Systems, Carlsborg,Experimental Procedures
WA) advanced to 500–600 	m (layer IV). Analog data were amplified
1000 times (SCXI 1120, National Instruments, Austin, TX) and sam-Animal Preparation
pled at 1 kHz. A reference electrode was placed in the posteriorTwelve male Sprague-Dawley rats (300–450 g) were studied in ac-
midline fascia. The microscope was enclosed within a Faraday cagecordance with the University of California, Los Angeles Chancellor’s
to reduce electromagnetic interference. We waited at least 1 hrAnimal Research Committee. The animals’ temperature was moni-
between electrode insertion and imaging. We have previously ascer-tored and maintained at 36.5
C  0.5
C with a rectal probe and
tained that electrode insertion does not alter response characteris-homeothermic blankets (Harvard Apparatus, Holliston, MA). Under
tics (Sheth et al., 2003). Summed evoked field potentials (FP) (Ma-halothane anesthesia (5% induction, 1%–1.5% maintenance), we
thiesen et al., 1998; Ngai et al., 1999; Sheth et al., 2003) werecannulated the tail artery for continuous blood pressure monitoring
quantified by summing individual FP magnitudes (large negativeand periodic blood gas sampling, the femoral vein for subsequent
deflection) across a stimulation train.anesthesia delivery, and the trachea for artificial ventilation. A right-
sided thinned skull preparation was performed as previously (Sheth
et al., 2004). Anesthesia was switched to i.v. -chloralose (60 mg/ Optical Spectroscopy
kg initial bolus, 30 mg/kg/hr continuous infusion) and pancuronium We performed concurrent optical spectroscopy by mounting a fiber
bromide (2 mg/kg bolus, 1.5 mg/kg/hr infusion), and inspired gases optic bundle on the microscope eyepiece. Half the reflected light
were adjusted to maintain physiological variables within the normal traveled to the imaging camera, and half to the fiber bundle. The
range: MABP 90–110 mm Hg, arterial pO2 129  13 mm Hg, arterial bundle consisted of three individual 200 	m fused silica fibers ar-
pCO2 41  1 mm Hg (mean  SE). Halothane was discontinued for ranged in a triangular geometry on one end and a vertical column
at least 1 hr before imaging. on the other. The side with the triangular arrangement was held in
Stimulation consisted of a 2 s train of 1 ms rectangular electrical a micromanipulator in front of the microscope eyepiece, and the
pulses (ISO-Flex, Master-8, AMPI, Jerusalem, Israel) to the left hind- side with the vertical arrangement aligned to the entrance slit (100
paw via two needle electrodes inserted into the plantar surface of 	m width) of a spectrophotometer (SpectraPro 300i, Acton Re-
the foot and 10 mm away on the medial aspect of the leg. We search, Acton, MA) with an attached 16 bit spectroscopic CCD camera
varied neuronal activity by modulating the frequency (2, 5, 10, 15, (Spec-10:400BR, Princeton Instruments, Trenton, NJ). Spectra were
20 Hz at 0.8 mA) and amplitude (0.4, 0.5, 0.6, 0.8, 1.0, 1.2 mA at 5 acquired from 520 to 653 nm with 0.5 nm resolution, and timing was
Hz) of the stimulation. Stimuli were presented pseudorandomly. identical to that of image acquisition. The fiber was positioned as
These two paradigms intersected at a 5 Hz, 0.8 mA stimulation, close to the center of activation as possible, avoiding the electrode
which we defined to be the standard stimulation for subsequent and pial and dural vessels.
normalization procedures. Reflectance spectra were analyzed using a modified form of the
Beer-Lambert law, which describes light attenuation in the presence
of absorbers:
Optical Imaging
Animals were transferred to the stage of a Nikon SMZ1500 micro- Abs  
i
ici l
scope for imaging. A schematic diagram of the experimental setup
is shown in Figure 1. Illumination was provided by a DC voltage- where i is the extinction coefficient of the ith absorber, c is thestabilized quartz-tungsten-halogen source (PL900, Dolan-Jenner, absorber concentration, and l is the pathlength through the tissue.
Lawrence, MA) equipped with a heat filter. Two fiber optic guides In living tissue under normal physiological circumstances, HbO2with focusing lenses directed the light to the preparation, and re- and Hbr are the most important absorbers in visible wavelengths.
flected light was collected by the microscope and filtered by a filter Calculation of attenuation due to absorption requires knowledge of
wheel (Lambda 10-2, Sutter Instruments, Novato, CA) mounted on the optical pathlength in the tissue, which is typically much greater
the exit port. The filtered light was captured by a cooled 16-bit than the tissue thickness due to scattering and is wavelength depen-
charge-coupled device (CCD) camera (TE/CCD-576EFT, Princeton dent. Attenuation is thus the exponential decrease in light intensity
Instruments, Trenton, NJ) attached to the filter wheel. We used along the nonlinear path taken by the scattered photons:
transmission filters centered at 570 and 610 nm (full-width at half-
maximum 10 nm). The field of view covered 5.3  7.2 mm with a
log
I


I(t)
 Hbr · [Hbr](t)  HbO2 · [HbO2](t ) · l  S (1)144  192 pixel array, providing 37 	m/pixel resolution.
Each imaging trial lasted 16 s (6 prestimulus and 10 poststimulus),
and images were acquired every 250 ms, resulting in 64 images where I


is the measured prestimulus intensity, I(t) is the intensity
timecourse, [Hbr](t ) and [HbO2](t ) are the timecourses of changeper trial. Trials were spaced 30 s apart to allow the hemodynamic
response to return to baseline. The two filters were alternated every in absorbers, and S is scattering. We derived wavelength depen-
dency (superscript ) using an in vitro phantom model to simulatetrial so that slow drifts in the animal’s physiological state would
affect both signals equally. We designed a LabView virtual instru- the absorption and scattering properties of rat cortex as before
(Sheth et al., 2004). The time course of Hbr and HbO2 changes duement (version 5.1, National Instruments, Austin, TX) to acquire opti-
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to neuronal activation was calculated from Equation (1) using a sory stimulation in human subjects. Proc. Natl. Acad. Sci. USA
83, 1140–1144.least-squares analysis and the pathlength-adjusted absorption co-
efficients obtained from the phantom. Fox, P.T., Raichle, M.E., Mintun, M.A., and Dence, C. (1988). Nonoxi-
dative glucose consumption during focal physiologic neural activity.
Laser Doppler Flowmetry Science 241, 462–464.
In four animals, we measured CBF using a MoorLDI device (Moore
Gjedde, A., Marrett, S., and Vafaee, M. (2002). Oxidative and nonoxi-Instruments, Sussex, UK). The device was mounted on a custom-
dative metabolism of excited neurons and astrocytes. J. Cereb.built stand and pointed toward the preparation to allow the helium-
Blood Flow Metab. 22, 1–14.neon laser (2 nW, 632.8 nm) to sample the same area of cortex as
Heeger, D.J., and Ress, D. (2002). What does fMRI tell us aboutthe spectroscopic fiber. Data were acquired at 10 Hz with a 0.1 s
neuronal activity? Nat. Rev. Neurosci. 3, 142–151.time constant. In these experiments, a 615 nm low-pass optical
filter was placed in the light source, to avoid cross-talk between Hoge, R.D., Atkinson, J., Gill, B., Crelier, G.R., Marrett, S., and Pike,
illumination light and the laser. To allow accurate spectroscopy G.B. (1999). Linear coupling between cerebral blood flow and oxy-
analysis, phantom spectra were acquired with this arrangement, gen consumption in activated human cortex. Proc. Natl. Acad. Sci.
and the wavelength range was restricted to 520–610 nm. Stimulation USA 96, 9403–9408.
frequency was varied as above (2, 5, 10, 15, 20 Hz at 0.8 mA).
Jones, M., Berwick, J., Johnston, D., and Mayhew, J. (2001). Concur-
rent optical imaging spectroscopy and laser-doppler flowmetry: The
CBV-CBF Relationship and CMRO2 relationship between blood flow, oxygenation, and volume in rodent
Acquisition of simultaneous CBF and CBV (Hbt) data permitted in-
barrel cortex. Neuroimage 13, 1002–1015.
vestigation of the temporal relationship between the two, previously
Lindauer, U., Royl, G., Leithner, C., Kuhl, M., Gold, L., Gethmann,summarized as a power law: CBV  CBFφ. In a log-log plot, φ is
J., Kohl-Bareis, M., Villringer, A., and Dirnagl, U. (2001). No evidencethe slope of the linear regression line:
for early decrease in blood oxygenation in rat whisker cortex in
log(CBV  1)  φ · log(CBF  1) (2) response to functional activation. Neuroimage 13, 988–1001.
Lindauer, U., Gethmann, J., Kuhl, M., Kohl-Bareis, M., and Dirnagl,where  denotes baseline-normalized fractional change in the re-
U. (2003). Neuronal activity-induced changes of local cerebral micro-spective parameter.
vascular blood oxygenation in the rat: effect of systemic hyperoxiaThe additional CBF information allowed us to calculate the rate of
or hypoxia. Brain Res. 975, 125–140.cerebral oxygen metabolism (CMRO2) by applying Fick’s equation.
Using the formalism of Jones et al. (2001), Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., and Oeltermann,
A. (2001). Neurophysiological investigation of the basis of the fMRI
(CMRO2 1)  (Hbrv 1) · (CBVv 1)1 · (CBF 1) (3) signal. Nature 412, 150–157.
In all data plots, error bars denote standard error. Malonek, D., and Grinvald, A. (1996). Interactions between electrical
activity and cortical microcirculation revealed by imaging spectros-
Acknowledgments copy: implications for functional brain mapping. Science 272,
551–554.
This work was supported by grants from the NIH (MH52083, Malonek, D., Dirnagl, U., Lindauer, U., Yamada, K., Kanno, I., and
MH67432, GM08042). We would like to thank the members of the Grinvald, A. (1997). Vascular imprints of neuronal activity: relation-
Laboratory of Neuro Imaging for their assistance in preparing this ships between the dynamics of cortical blood flow, oxygenation,
manuscript. and volume changes following sensory stimulation. Proc. Natl. Acad.
Sci. USA 94, 14826–14831.
Received: September 22, 2003
Mandeville, J.B., Marota, J.J., Ayata, C., Moskowitz, M.A., Weisskoff,Revised: January 22, 2004
R.M., and Rosen, B.R. (1999a). MRI measurement of the temporalAccepted: March 10, 2004
evolution of relative CMRO(2) during rat forepaw stimulation. Magn.Published: April 21, 2004
Reson. Med. 42, 944–951.
Mandeville, J.B., Marota, J.J., Ayata, C., Zaharchuk, G., Moskowitz,References
M.A., Rosen, B.R., and Weisskoff, R.M. (1999b). Evidence of a cere-
brovascular postarteriole windkessel with delayed compliance. J.Attwell, D., and Iadecola, C. (2002). The neural basis of functional
Cereb. Blood Flow Metab. 19, 679–689.brain imaging signals. Trends Neurosci. 25, 621–625.
Attwell, D., and Laughlin, S.B. (2001). An energy budget for signaling Marota, J.J., Ayata, C., Moskowitz, M.A., Weisskoff, R.M., Rosen,
in the grey matter of the brain. J. Cereb. Blood Flow Metab. 21, 1133– B.R., and Mandeville, J.B. (1999). Investigation of the early response
1145. to rat forepaw stimulation. Magn. Reson. Med. 41, 247–252.
Buxton, R.B. (2001). The elusive initial dip. Neuroimage 13, 953–958. Mathiesen, C., Caesar, K., Akgoren, N., and Lauritzen, M. (1998).
Modification of activity-dependent increases of cerebral blood flowBuxton, R.B., and Frank, L.R. (1997). A model for the coupling be-
by excitatory synaptic activity and spikes in rat cerebellar cortex.tween cerebral blood flow and oxygen metabolism during neural
J. Physiol. 512, 555–566.stimulation. J. Cereb. Blood Flow Metab. 17, 64–72.
Mayhew, J.E., Askew, S., Zheng, Y., Porrill, J., Westby, G.W., Red-Carvell, G.E., and Simons, D.J. (1990). Biometric analyses of vibrissal
grave, P., Rector, D.M., and Harper, R.M. (1996). Cerebral vasomo-tactile discrimination in the rat. J. Neurosci. 10, 2638–2648.
tion: a 0.1-Hz oscillation in reflected light imaging of neural activity.Davis, T.L., Kwong, K.K., Weisskoff, R.M., and Rosen, B.R. (1998).
Neuroimage 4, 183–193.Calibrated functional MRI: mapping the dynamics of oxidative me-
tabolism. Proc. Natl. Acad. Sci. USA 95, 1834–1839. Mayhew, J., Johnston, D., Berwick, J., Jones, M., Coffey, P., and
Zheng, Y. (2000). Spectroscopic analysis of neural activity in brain:Devor, A., Dunn, A.K., Andermann, M.L., Ulbert, I., Boas, D.A., and
increased oxygen consumption following activation of barrel cortex.Dale, A.M. (2003). Coupling of total hemoglobin concentration, oxy-
Neuroimage 12, 664–675.genation, and neural activity in rat somatosensory cortex. Neuron
39, 353–359. Mayhew, J., Johnston, D., Martindale, J., Jones, M., Berwick, J.,
and Zheng, Y. (2001). Increased oxygen consumption following acti-Duong, T.Q., Kim, D.S., Ugurbil, K., and Kim, S.G. (2000). Spatiotem-
vation of brain: theoretical footnotes using spectroscopic data fromporal dynamics of the BOLD fMRI signals: toward mapping submilli-
barrel cortex. Neuroimage 13, 975–987.meter cortical columns using the early negative response. Magn.
Reson. Med. 44, 231–242. Menon, R.S., Ogawa, S., Hu, X., Strupp, J.P., Anderson, P., and
Ugurbil, K. (1995). BOLD based functional MRI at 4 Tesla includesFox, P.T., and Raichle, M.E. (1986). Focal physiological uncoupling
of cerebral blood flow and oxidative metabolism during somatosen- a capillary bed contribution: echo-planar imaging correlates with
Neuro-Vascular-Metabolic Coupling
355
previous optical imaging using intrinsic signals. Magn. Reson. Med.
33, 453–459.
Mitzdorf, U. (1985). Current source-density method and application
in cat cerebral cortex: investigation of evoked potentials and EEG
phenomena. Physiol. Rev. 65, 37–100.
Ngai, A.C., Jolley, M.A., D’Ambrosio, R., Meno, J.R., and Winn, H.R.
(1999). Frequency-dependent changes in cerebral blood flow and
evoked potentials during somatosensory stimulation in the rat. Brain
Res. 837, 221–228.
Nielsen, A., and Lauritzen, M. (2001). Coupling and uncoupling of
activity-dependent increases of neuronal activity and blood flow in
rat somatosensory cortex. J. Physiol. 533, 773–785.
Ogawa, S., Tank, D.W., Menon, R., Ellermann, J.M., Kim, S.G., Mer-
kle, H., and Ugurbil, K. (1992). Intrinsic signal changes accompa-
nying sensory stimulation: functional brain mapping with magnetic
resonance imaging. Proc. Natl. Acad. Sci. USA 89, 5951–5955.
Ogawa, S., Menon, R.S., Kim, S.G., and Ugurbil, K. (1998). On the
characteristics of functional magnetic resonance imaging of the
brain. Annu. Rev. Biophys. Biomol. Struct. 27, 447–474.
Parri, R., and Crunelli, V. (2003). An astrocyte bridge from synapse
to blood flow. Nat. Neurosci. 6, 5–6.
Sheth, S., Nemoto, M., Guiou, M., Walker, M., Pouratian, N., and
Toga, A.W. (2003). Evaluation of coupling between optical intrinsic
signals and neuronal activity in rat somatosensory cortex. Neuro-
image 19, 884–894.
Sheth, S., Nemoto, M., Guiou, M., Walker, M., Pouratian, N., Hage-
man, N., and Toga, A.W. (2004). Columnar specificity of microvascu-
lar oxygenation and volume responses: Implications for functional
brain mapping. J. Neurosci. 24, 634–641.
Silva, A.C., Lee, S.P., Iadecola, C., and Kim, S.G. (2000). Early tempo-
ral characteristics of cerebral blood flow and deoxyhemoglobin
changes during somatosensory stimulation. J. Cereb. Blood Flow
Metab. 20, 201–206.
Simons, D.J. (1985). Temporal and spatial integration in the rat SI
vibrissa cortex. J. Neurophysiol. 54, 615–635.
Ueki, M., Mies, G., and Hossmann, K.A. (1992). Effect of alpha-
chloralose, halothane, pentobarbital and nitrous oxide anesthesia
on metabolic coupling in somatosensory cortex of rat. Acta Anaes-
thesiol. Scand. 36, 318–322.
Vanzetta, I., and Grinvald, A. (1999). Increased cortical oxidative
metabolism due to sensory stimulation: implications for functional
brain imaging. Science 286, 1555–1558.
Villringer, A., and Dirnagl, U. (1995). Coupling of brain activity and
cerebral blood flow: basis of functional neuroimaging. Cerebrovasc.
Brain Metab. Rev. 7, 240–276.
Yacoub, E., and Hu, X. (1999). Detection of the early negative re-
sponse in fMRI at 1.5 Tesla. Magn. Reson. Med. 41, 1088–1092.
Yacoub, E., and Hu, X. (2001). Detection of the early decrease in
fMRI signal in the motor area. Magn. Reson. Med. 45, 184–190.
Yacoub, E., Le, T.H., Ugurbil, K., and Hu, X. (1999). Further evaluation
of the initial negative response in functional magnetic resonance
imaging. Magn. Reson. Med. 41, 436–441.
